Objectives To identify the evidence base behind the neuroradiological features that differentiate abusive head trauma (AHT) from non-abusive head trauma (nAHT). Design Systematic review. Setting Literature search of 14 databases, websites, textbooks, conference abstracts and references (1970( -February 2010. Studies had two independent reviews (three if disputed) and critical appraisal. Patients Primary comparative studies of children <11 years old hospitalised with AHT and nAHT diagnosed on CT or MRI. Main outcome measures Neuroradiological features that differentiated AHT from nAHT. Results 21 studies of children predominantly <3 years old were analysed. Subdural haemorrhages (SDH) were signifi cantly associated with AHT (OR 8.2, 95% CI 6.1 to 11). Subarachnoid haemorrhages were seen equally in AHT and nAHT and extradural haemorrhages (EDH) were signifi cantly associated with nAHT (OR for AHT 0.1, 95% CI 0.07 to 0.18). Multiple (OR 6, 95% CI 2.5 to 14.4), interhemispheric (OR 7.9, 95% CI 4.7 to 13), convexity (OR 4.9, 95% CI 1.3 to 19.4) and posterior fossa haemorrhages (OR 2.5, 95% CI 1 to 6) were associated with AHT. Hypoxic-ischaemic injury (HII) (OR 3.7, 95% CI 1.4 to 10) and cerebral oedema (OR 2.2, 95% CI 1.0 to 4.5) were signifi cantly associated with AHT, while focal parenchymal injury was not a discriminatory feature. SDH of low attenuation were more common in AHT than in nAHT. Conclusion Multiple SDH over the convexity, interhemispheric haemorrhages, posterior fossa SDH, HII and cerebral oedema are signifi cantly associated with AHT and should be considered together with clinical features when identifying the condition.
INTRODUCTION
Abusive head trauma (AHT) is the most serious form of physical child abuse with an estimated annual incidence of 21 per 100 000 infants, an associated 30% mortality and 50% morbidity in survivors. 1 Studies estimate that 25-30% of children under the age of 2 years who are hospitalised with head injury have AHT. [2] [3] [4] In the absence of a plausible explanation of non-intentional trauma, there is a strong likelihood of AHT, however making this diagnosis with confi dence remains a challenge.
Neuroimaging is undertaken in these infants for clinical diagnostic purposes either because they present with unexplained neurological or encephalopathic signs or a history of head trauma, 5 or they are undergoing a comprehensive investigation for suspected physical abuse. 6 The neuroimaging must be interpreted carefully, in the context of the historical or clinical features, giving due consideration to causes such as non intentional trauma, birth related injury, bleeding disorders, encephalitis, meningitis, congenital abnormality or metabolic conditions such as glutaric aciduria. 7 CT and MRI techniques have advanced considerably over the past 30 years, facilitating the visualisation of extra-axial and intra-cerebral lesions in these children. Neuroradiologists describe various imaging patterns that are indicative of AHT. However, we are not aware of any published systematic reviews that evaluate the strength of the scientifi c evidence behind these features and have therefore conducted this systematic review and meta-analysis to identify and describe the weight of evidence behind neuroradiological features that are associated with AHT.
METHODS
We searched 14 databases, four websites, textbooks and conference abstracts (fi gure 1) with over 100 keyword combinations from 1970 to February 2010 (see online supplementary appendix 1). We performed a recursive search of the literature from reference lists of articles retrieved. Relevant foreign language articles were translated.
The literature includes a variety of terms for AHT, such as infl icted head trauma, non-accidental head injury, shaken baby syndrome and infl icted head injury. Our literature search encompassed all of these terms. However, for consistency we adopted the term AHT to describe "an infl icted injury to the head and its contents" in line with the recent proposal by the American Academy of Pediatrics Committee on Child Abuse and Neglect. 8 Inclusion criteria were that the studies had to be published, peer reviewed, primary comparative studies of children under 11 years of age who were hospitalised with head injury and had AHT or non-abusive head trauma (nAHT). Studies were included where intra-cranial injury had been diagnosed on CT or MRI. We excluded review articles and expert opinion and postmortem studies.
Quality standards
We excluded studies that were methodologically weak due to signifi cant bias, confounding factors, case attrition or incomplete ascertainment. It was essential that the included studies had a high surety of child abuse. To guarantee this, we used our previously published defi nitions of abuse and only included studies in categories 1-3 (table 1) . We chose this approach whereby a defi nition of abuse was based upon the outcome of a legal or multi-agency child protection investigation or stated criteria where diagnosis was based upon additional features and did not rely on the neuroradiological fi ndings, to minimise the risk of circularity in a condition where there is no 'gold standard' diagnostic test. nAHT was defi ned as a witnessed traumatic event, where the cause of injury was stated or where child abuse had been actively excluded.
The criteria were applied by two independent reviewers with experience in child protection, paediatric neuroradiology, neurology and ophthalmology. All were trained in critical appraisal and met on a monthly basis to discuss the review process and to ensure consistency of approach. A third review was conducted for discrepancies. Data extraction standards were derived from guidance from the NHS Centre for Reviews and Dissemination. 9 We wrote to authors to elucidate certain points. We were privileged to have access to original datasets that provided clarifi cation of data. [10] [11] [12] 
Statistics
We conducted a meta-analysis of studies that ascertained a defi ned population where there was consecutive case enrolment over a defi ned time period of all children with AHT and nAHT and present a descriptive analysis when this was not possible. We grouped studies according to the primary items of interest: subdural haemorrhage (SDH), subarachnoid haemorrhage (SAH), extradural haemorrhage (EDH), hypoxicischaemic injury (HII), parenchymal injury, cerebral oedema and closed head injury; secondary items included the number, location, distribution and attenuation/signal characteristics (on CT) of extra-axial haemorrhages.
We used OR as a measure of effect with 95% CIs. We pooled data using a random effects model to allow for both intra and inter study variances and to give a more conservative estimate of the effect. The level of heterogeneity was expressed using both the Q test (Cochrane's χ 2 ) with a cut off of p<0.1 and the I 2 index were 893 cases of AHT and 1460 of nAHT. Ninety-six per cent of children with nAHT had non intentional head trauma, while a small number of children had sustained their pathology from organic causes (18) or birth injury (44). Authors used different terminology to describe their study type. However, after reviewing study methodology we identifi ed 18 comparative studies with consecutive case enrolment of children from a defi ned population who were hospitalised over a defi ned time period 3 4 10-12 14-26 and one case control study. 27 These studies were eligible for meta-analyses. Two comparative case series 28 29 had selective case enrolment and were not suitable for meta-analysis, however they provided useful data that were which describes the percentage of total variation across studies that is not due to chance but rather a result of heterogeneity, where I 2 of 25%, 50% and 75% represented low, moderate and high levels of heterogeneity, respectively. 13 MIX: meta-analysis made easy version 1.7 for Windows software was used to present data in forest plots (ordered according to the weight of each study) for each outcome, showing the calculated OR with 95% CI.
RESULTS
Twenty-one studies met the inclusion criteria (table 2) , representing data from initial neuroimaging of 2353 children. There group.bmj.com on August 6, 2014 -Published by adc.bmj.com Downloaded from subject to a descriptive analysis. Eight studies ascertained all children with head injuries (HI), 3 4 10-12 22 26 29 seven included children with traumatic brain injuries (TBI) 15 17-20 25 27 and six included those with SDH, 14 16 21 23 24 28 one of which also included children with EDH. 23 Eighteen studies addressed a similar age range and provided an analysis of children less than 3 years old. 3 4 10-12 14 16 18-26 28 29 One study 17 included children up to 16 years of age, however exclusion of this study from the meta-analyses made no signifi cant differences to the overall results. Details from cases ranked 1-3 for a security of diagnosis for abuse were included in the meta-analyses. Two studies 16 25 included details of 12 and 36 cases where abuse was suspected but not confi rmed; when these cases were added into the abuse group, thus broadening the category of abuse, there was no difference to the overall results.
Eleven studies stated that neuroimaging included an initial CT scan and/or MRI, 3 19 All children included in the study received neuroimaging; in two studies the authors stated that investigations were performed according to clinical indications. 3 4 Eight studies incorporated an independent radiological review 14 15 19 20 22 25 27 28 or selective review of discrepant radiology reports, 23 while the remainder appeared to utilise the initial radiology report.
Extra-axial haemorrhages
It was possible to calculate the OR for SDH, SAH and EDH in AHT for studies where the inclusion criteria were children with TBI or HI (fi gure 2).
Figure 2
Meta-analysis of extra-axial haemorrhage as an indicator of abusive head trauma.
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Subdural haemorrhage
The clear association of SDH with AHT was confi rmed by an OR of 8.2 (95% CI 6.1 to 11; p<0.0001), with studies having a low level of heterogeneity (Q=9.7 (df=9), p=0.36, I 2 =8%) (fi gure 2). The highest OR was derived from the Duhaime study. 3 However, when this study was excluded from the calculation, the OR was not signifi cantly altered.
Subarachnoid haemorrhage
SAH was described in eight studies of children with HI or TBI (figure 2). The OR for AHT was 0.98 (95% CI 0.47 to 2.0; p=0.95). The heterogeneity was high (Q=26 (df=7), p<0.001, I 2 =73.4%). Reece et al was the only study to identify a significant association between SAH and AHT. 4 When this study was excluded from the calculation, the heterogeneity fell (Q=5.7 (df=6), p=0.46, I 2 =0%), but there was still no significant association with nAHT (OR for AHT 0.6, 95% CI 0.4 to 0.9).
Extradural haemorrhage
Nine studies confi rmed a signifi cant association between EDH and nAHT (figure 2). The overall OR for EDH and Figure 3 Meta-analysis of the characteristics of extra-axial haemorrhage as an indicator of abusive head trauma. SDH, subdural haemorrhage. (Q=5.2 (df=8) , p=0.7, I 2 =0%).
Distribution, appearance and numbers of extra-axial haemorrhages
Studies selected different characteristics of extra-axial haemorrhages for comparison (fi gure 3). Meta-analyses of studies that described the number and distribution of extra-axial haemorrhages showed that interhemispheric haemorrhages were signifi cantly associated with AHT, with an OR of 9.5 (95% CI 6.1 to 14.9; p<0.001) and heterogeneity between studies was low (Q=2.6 (df=5), p=0.7, I 2 =0%). There were only two studies that counted children with multiple extra-axial haemorrhages, both demonstrating a strong association with AHT and an overall OR of 6 (95% CI 2.5 to 14.4; p<0.001) (Q=0.06 (df=1), p=0.8, I 2 =0%). SDH over the convexities had an OR of 4.9 (95% CI 1.3 to 19.4; p=0.02), but the heterogeneity of this latter group of studies was high (Q=8.1 (df=2), p=0.017, I 2 =75.3%).
Infra-tentorial/posterior fossa haemorrhages were associated with AHT with an overall OR for AHT of 2.5 (95% CI 1 to 6; p=0.04) (Q=1.5 (df=2), p=0.47, I 2 =0%). In three studies it was possible to calculate the OR for bilateral SDH (OR 2.8, 95% CI 0.8 to 9.6; p=0.09), which did not reach signifi cance. The heterogeneity between studies was also high (Q=6.3 (df=2), p=0.04, I 2 =68%).
Attenuation of extra-axial haemorrhages on CT imaging
The terminology used to describe the attenuation of extraaxial haemorrhages on CT varied considerably between studies and data were presented in different formats which precluded meta-analysis. Older studies inferred the age of the lesion from the appearance of SDH; for example, high attenuation collections were described as acute haemorrhages and low attenuation lesions as chronic SDH. Later studies described the SDH or collections in terms of their radiological appearance (table 3) . Table 3 shows that, overall, multiple SDH of different attenuations were reported on initial CT, predominantly in AHT. 14 16 21 25 26 Studies emphasised the fi nding that low attenuation haemorrhages were more commonly seen in AHT than in nAHT. 15 16 21 25-27 Two studies 28 29 reported SDH of mixed attenuation (different attenuation in the same SDH): Tung et al stated they were seen signifi cantly more often in AHT than in nAHT, while Vinchon noted that they were equally prevalent in both conditions.
Intra-cerebral lesions
Cerebral oedema was signifi cantly associated with AHT (OR 2.16, 95% CI 1.04 to 4.46; p=0.04); the heterogeneity was moderate (Q=15.8 (df=5), p=0.008, I 2 =68%). The studies failed to describe the extent or distribution of the oedema (fi gure 4).
Studies recorded different components of focal parenchymal injury, namely haemorrhage or contusion, or simply referred to parenchymal injury. The overall OR suggests that focal parenchymal injury is not a discriminatory feature for AHT (OR 0.96, 95% CI 0.6 to 1.6; p=0.86) (Q=20 (df=11), p=0.04, I 2 =46%).
Three studies reported shear injury: Hymel et al 27 and Ichord et al 19 both noted one case in the AHT and nAHT groups, respectively, while Ewing-Cobbs et al 15 commented on an unexpected exclusive association with nAHT (9/29 versus 0/31; p=0.001). Only one study 14 commented on diffuse axonal injury that was reported in 1/49 cases with AHT.
Three studies addressed HII in children with head trauma. 19 20 22 The study of Ichord et al was the only one based purely upon MRI fi ndings and stated that the HII changes were predominantly bilateral and generalised in 9/22 cases of AHT in comparison to 1/30 cases of nAHT. Children with HII had a signifi cantly greater association with seizures (p=0.01, Fishers exact test), a lower Glasgow Coma Score on admission (p=0.002, Mann-Whitney), a higher requirement for ventilation on admission and a higher requirement for subsequent rehabilitation (p<0.001, Fisher's exact test). The overall OR for HII in association with AHT was 3.7 (95% CI 1.4 to 10; Figure 4 Meta-analysis of intracranial features as an indicator of abusive head trauma.
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Closed head injury
In eight studies where the comparison group were predominantly traumatic cases of head injury and the authors had documented coexisting skull fractures, it was possible to calculate an OR for closed head injury (intracranial injury without skull fracture confi rmed on skull x-ray or CT) (fi gure 5). The OR for closed head injury in AHT was 4.6 (95% CI 2.9 to 7.5; p<0.001), with moderate heterogeneity (Q=18 (df=8), p=0.02, I 2 =55%).
Multiple associated fi ndings
All studies confi rmed that children in either group could present with multiple features on neuroimaging; however, only three studies attempted to determine whether different combinations of features were associated with AHT. Wells et al 25 undertook a multiple logistic regression analysis and identifi ed four signifi cant variables: (1) convexity SDH; (2) interhemispheric SDH; (3) low attenuation subdural fl uid; and (4) absent skull fracture. The authors evaluated combinations of these features on initial CT imaging and their predictive powers for AHT. Using a 0.45 cut-off point in their logistic model, the prediction for AHT had a sensitivity of 84% (95% CI 78% to 90%) and specifi city of 83% (95% CI 74% to 89%). EwingCobbs et al 15 showed that combinations of SAH and/or SDH with interhemispheric haemorrhage had a strong association with AHT (OR 11, 95% CI 3 to 41; p<0.001).
Ichord et al 19 compared the MRI profi le of traumatic injuries (extra-axial haemorrhages, cortical contusion, parenchymal injury, white matter haemorrhage and shearing injury) and HII. They showed that bilateral HII in association with, but not co-localising with, traumatic injuries was more common in AHT (9/22) than in nAHT (1/31) (p<0.001) in comparison with three other combinations, namely: (1) mixed traumatic and ischaemic lesions anatomically contiguous or co-localising, (2) traumatic lesions without associated ischaemic lesions and (3) indeterminate focal lesions, which did not appear to be discriminatory.
DISCUSSION
We have described the weight of evidence behind the neuroradiology of AHT and confi rmed that there are a number of features that are signifi cantly associated with the diagnosis. At a time when debate continues about clinicians' ability to distinguish AHT from nAHT, statistical confi rmation of these associations may lead to less disagreement in the clinical, forensic and legal setting. Features signifi cantly associated with AHT included SDH, that were frequently multiple, located within the interhemispheric fi ssure, over the convexity and in the posterior fossa. AHT was more likely in the context of a closed head injury, while SAH were found to be non-discriminatory and EDH were signifi cantly associated with nAHT.
Included studies showed that HII was signifi cantly associated with AHT, as was cerebral oedema, whereas focal parenchymal injury was not a discriminatory feature. Shearing injury and diffuse axonal injury were rarely reported, precluding analysis. With the exception of the study of Ichord et al, 19 this analysis is based predominantly upon CT imaging, which remains the recommended fi rst line investigation for suspected AHT. The evidence base will inevitably increase in the future once more large scale studies of MRI fi ndings are published. Early MRI is increasingly recommended alongside CT as it enables more sensitive detection and characterisation of intracerebral disruptive lesions, oedema and HII and can identify extra-axial haemorrhages in locations obscure to CT imaging 30 and the anatomical compartment(s) in which the extra-axial haemorrhage lie(s).
This systematic review has the merit of analysing several similar studies that drew upon populations of children less than 3 years of age. The limitations include variation in the composition of nAHT groups, inclusion criteria and imaging techniques used, together with small study numbers and data sets that support some of the meta-analyses. However, the heterogeneity of the meta-analyses was generally low to moderate. The forest plots summarise the current comparative studies in this fi eld and refl ect consistency in their fi ndings.
Children with head trauma from either cause may present with different combinations of neuroradiological features. While the data could not be combined into a comprehensive multivariate analysis, three studies 15 19 25 suggested that certain combinations of the indicative features have the potential to predict AHT.
The more recent studies that included diffusion weighted MRI fi ndings 19 22 provide confi rmation of the association between HII and AHT. [31] [32] [33] [34] Although this association is increasingly recognised, the proposed mechanism of HII remains poorly understood. Multiple factors are proposed, such as respiratory insuffi ciency in an infant who is subjected to delayed medical attention, repeated traumatic events or damage to the respiratory control centres in the brainstem. 19 31 Ichord et al confi rmed the association of ventilatory support in children with HII and AHT, which the authors proposed may support some of these theories. They also confi rmed the greater association group.bmj.com on August 6, 2014 -Published by adc.bmj.com Downloaded from of seizures in children with AHT and suggested that the seizures may be related to the HII and exacerbate further damage to the brain itself through excitotoxic mechanisms or by inducing further respiratory insuffi ciency. 19 A descriptive analysis of the attenuation of SDH on CT imaging supports an association of multiple SDH of different attenuation, and low attenuation SDH, with AHT. In the past these fi ndings have been interpreted as indicative of repetitive or previous episodes of infl icted head injury. 14 27 However, thinking behind this interpretation is changing. Vinchon et al 29 listed several factors that affect the neuroimaging appearance of SDH, all of which may change over different time scales. These include the degradation of haemoglobin, the state of hydration of the red blood cells, the integrity of cell membranes, the protein content of the blood clot, the rate of sedimentation and concentration of red blood cells and the amount of cerebrospinal (CSF) fl uid within the collection. Such factors can all potentially affect the appearance of acute subdural collections on scans and there is no reason to believe that all extra-axial haematomas evolve or resolve at the same rate. Dias et al 35 urged caution when interpreting a hypodense collection as chronic: they describe a low attenuation subdural collection that was not present on a scan performed within 3 h of injury but appeared on a second scan 17 h later. Vinchon et al 29 highlight the lack of evidence in this fi eld and suggest that further research is required to explore time-related changes in MRI signals in the sedimentary component of extra-axial haemorrhages utilising T1-weighted and FLAIR sequences.
SDH of mixed attenuation were reported in both AHT and nAHT, a fi nding that has previously been interpreted as rebleeding into a chronic SDH, akin to that described in the elderly due to leakage from the vascularised pseudomembranes that develop in an organising SDH. [36] [37] [38] However, there is no evidence that the resolution of SDH in infancy bears any similarity to that in the elderly adult. It is currently proposed that a "mixed-density SDH refl ects the combination of high attenuation blood from acute haemorrhage or clot retraction and lower density fl uid from unclotted blood, serum, or CSF". 28 Case studies describe traumatic tears in the arachnoid membrane leading to ingress of CSF which may mix with the high attenuation blood within an acute SDH. 39 40 Vinchon et al undertook a series of CT scans in infants who had motor vehicle crashes and showed how mixed attenuation SDH developed within 24 h of the traumatic event. 41 Serial MR imaging is likely to be of benefi t when interpreting these lesions over time. 12 In a previous systematic review we confi rmed the positive association with AHT of clinical features including retinal haemorrhages, apnoea, rib fractures and absence of skull fractures. 42 To date, there have been no large studies that have carried out a multivariate analysis of combined clinical and neuroradiological fi ndings to determine their specifi city for AHT. Clinical and forensic assessment must include a history, detailing the biomechanical parameters of proposed explanations for injury, a thorough examination and investigations to describe associated clinical fi ndings. Careful interpretation of the full clinical picture, together with the neuroradiological fi ndings on CT and early MRI, should facilitate greater diagnostic confi dence. Standardised reporting and data collection for all young children with head injury would enable large scale epidemiological studies to compare neuroradiological changes as they relate to clinical features for AHT and nAHT.
In conclusion, this systematic review confi rms that there are neuro-radiological features that are signifi cantly associated with AHT. While these fi ndings have clinical application and can be used to inform child protection, and family and Criminal Court decisions, further prospective comparative studies are indicated in the context of rapidly developing neuroimaging techniques.
